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Abstract: Continuous steel-concrete composite beams are widely used in the construction 
industry. The concrete slab is typically attached to an I steel girder by means of welded headed 
studs, which however are susceptible to several problems and need special considerations at 
hogging bending regions. In this paper, an efficient re-design for the steel I-shaped girders is 
proposed. The width of the upper flange is reduced while the depth of the web is increased which 
maintaining the same area of steel. The elongated web has perforations along its length and 
penetrates the slab in such a way that allows the concrete to form concrete dowels and thus 
achieve the required bond. A numerical study based on the plastic analysis of the composite 
section is used to quantify the change in the bending capacity due to the proposed type of 
connection, considering both cases of sagging and hogging moments. The results of a 
comparative analysis between the proposed re-design and examples of designs taken from the 
literature are also presented. The study demonstrates an increased moment capacity in both 
sagging and hogging regions for the composite beams, with the possibility of fabricating more 
efficient cross sections based on the actual bending moment diagram. 
Keywords: composite beams, plastic design, hogging moment, sagging moment, continuous 
beams 
 
1 INTRODUCTION  
 
The combination of steel girders and concrete slab works very well in simply supported 
composite beams (sagging moment) because concrete is efficient in compression and steel in 
tension. Both concrete compressive strength and steel tensile strength, along with the geometry 
of the composite cross section, determine the ultimate sagging moment capacity of the beams. 
Compared to simply supported beams, continuous composite beams have been used widely in 
multi-storey buildings and long-span bridges, owing to several advantages such as reduced 
deflections and higher span to depth ratio (Liang, 2015). At internal supports of continuous 
composite beams, however, the steel girders are under compression while the concrete slab is 
under tension, causing a cracked section which does not contribute to the ultimate hogging 
moment capacity. In addition, shear connectors embedded in cracked concrete are susceptible 
to larger deformations due to the reduced strength and stiffness of materials. For these reasons, 
the efficient design of continuous composite beams is more challenging and different 
considerations in design are required (Vasdravellis et al., 2012).  
 
1.1 Shortcomings of headed studs 
The majority of composite beams use headed studs to achieve the bond needed for the 
composite action between steel and concrete. However, researchers have identified several 
issues associated with the use of headed studs (Rodrigues & Laím, 2014), such as the relative 
vertical movement (slip). The latter increases the deflection, makes beams more vulnerable 
against fatigue problems and reduces the composite action. Furthermore, in the design of 
composite continuous beams in hogging regions, codes permit only complete bond between 
steel and concrete (Liang, 2015). The connection through the web is sufficient to provide the 
complete composite action between concrete and steel (Klaiber et al., 2000). 
1.2 The role of the upper flange   
The area of upper flange is a considerable percentage of the total area of the steel girder cross 
section. Many researchers have discussed the function of the upper flange and its negligible 
contribution to the beam moment capacity (Knowles, 1973, Oehlers & Bradford, 1995 and 
Klaiber et al., 2000). According to Oehlers & Bradford (1995), an efficient design should 
remove the upper flange. Moreover, the upper flange typically does not reach the steel yield 
point and this might affect the plastic moment calculation that assumes the entire section is 
under yield. In this respect, the inverted T section is more efficient as the yielded area actually 
about the whole cross section, which matches the design assumption (Rauscher & Hegger, 
2008). Figure 1shows the difference in yield strain between the two cross sections. 
 
1.3 Connection through the web 
Knowles (1973) - among others - indicated that it is possible to use the web as an efficient 
shear connector instead the upper flange. Numerous connection methods have exploited this 
concept to achieve the bond between steel and concrete. Roberts & Heywood (1994), Klaiber 
et al. (2000), Jurkiewiez & Hottier (2005), Li & Li (2009), Lorenc, et al.,(2010), Seidl et al. 
(2013) and Remennikov & Roche (2014) presented various developments utilising the web for 
connection, all enjoying insignificant vertical slip between steel and concrete (see Figure 2) 
To the best of the authors’ knowledge, detailed studies are not available to highlight the 
relationship between the bending moment type (sagging or hogging), neutral axis position and 
Figure 2:Connection through the web presented by (a) Jurkiewiez & Hottier (2005), (b) 
Lorenc, et al., (2010) and (c) Remennikov & Roche (2014) 
Figure 1: The difference in yield strain distribution (Rauscher & Hegger, 2008) 
  
depth of encasement in these connectors. Furthermore, design rules to fabricate continuous 
beams according to the bending moment diagram are also not available. This research presents 
a detailed re-design to the traditional I steel section based on analytical investigations that 
allows achieving the bond by encasing part of the steel girder into the concrete slab. Eliminating 
the welded connection devices is attractive, as it can reduce the fabrications cost and accelerate 
the pace of construction.  
2 PLASTIC ANALYSIS OF COMPOSITE BEAM 
2.1 Assumptions 
The plastic analysis of steel-concrete composite sections assumes that the stresses are 
rectangular blocks. These stresses reach a constant value, i.e. the material strength, in both 
tension and compression at the ultimate moment capacity. The plastic neutral axis (PNA) 
divides the composite section into equal parts, experiencing equivalent forces (in tension and 
compression). These forces, which are located at centroid of each stress block, represent the 
product of the relevant area and the material strength. The moment capacity is calculated 
directly from the summation of the moments of these forces about any reference point (Mohd 
Yassin & Nethercot, 2007). Figure 3 shows the stress blocks and their equivalent forces for a 
composite beam where the PNA cross either the slab or the web, while Cc and Ts, for instance, 
represent the steel and concrete equivalent forces, respectively, when the composite beam is 
subjected to a sagging moment and the PNA crosses the concrete slab. The calculations of the 
plastic capacity under both sagging and hogging moments are presented in Appendix A. 
2.2 PNA position 
Geometry and material strength not only determine the composite beams moment resistance, 
but also the position of the neutral axis. If the beam is subjected to a hogging moment, the PNA 
usually crosses the web, because the concrete slab is cracked and therefore offers a little 
resistance; whereas, the PNA crosses the concrete slab in the presence of sagging moment 
(Oehlers & Bradford, 1995).  
2.3 The calculation of moment capacity 
The calculation of the sagging moment depends only on the steel beam and the concrete slab, 
whose reinforcement is neglected. As the PNA normally crosses the slab, the whole steel beam 
is under tension while the slab above the PNA is under compression. Figure 3 (a) shows (Cc) 
and (Ts) which are the resultant forces into concrete and steel respectively.  Thus, the internal 
equilibrium means the moment capacity is equal to (Cc) or (Ts) times their lever arm (see Figure 
3 (a)). In hogging moment regions, the concrete slab is cracked due to tensile stresses, so that 
it is reasonable to assume that the concrete (Cc) is equal to zero. As a result, the PNA crosses 
the web. The internal equilibrium of equivalent forces depends only on the slab reinforcement 
and the steel beam (see Figure 3 (b)). All these details and the equations of the plastic moment 
capacity in case of hogging and sagging moments are illustrated thoroughly in Appendix A 
3 RE-DESIGN CONCEPTS AND METHODOLOGY OF INVESTIGATIONS 
The method of the re-design consists of two fundamental concepts: firstly, examining different 
geometries for the beam cross section that have the same cross sectional area of traditional (I) 
steel beam cross section and provides the required bond between the slab and steel. Secondly, 
calculating the plastic moment capacity of these composite beams and compare it with the 
moment capacity of the traditional (I) composite beam. 
3.1 Re-design of beam cross section  
To eliminate any welded shear connectors and achieve a more efficient bond between slab and 
girders for composite continuous beams, the beam cross section is re-designed to encase the 
top part of the steel beam in the concrete slab. Three major considerations underpin this 
proposal, namely re-designing the upper flange, using reinforced concrete dowels and 
exploiting deep connectors.  
3.1.1 Re-designed upper flange   
The condition of internal equilibrium shown in Figure 3 is utilised to have the same area of 
steel cross section, which is important in highlighting the economic efficiency of the proposed 
method. The upper flange width is reduced and the web depth is increased while the thickness 
of steel girder is constant, i.e. the cross-sectional area of steel beam is constant and the only 
change is in the shape of the steel girder. In case of hogging moment, the amount of steel 
reinforcement and the concrete slab dimensions were kept constant for comparison purposes. 
This enabled a direct comparison between the results of this research and other traditional 
designs. 
3.1.2 Upper flange-web encasement  
The bond in the proposed connection is achieved through an encased portion of the steel girder 
into the concrete slab, namely a part of the web, with or without the top flange. The encased 
portion has perforations along its length and penetrates the slab in such a way that allows the 
concrete and the rebars to pass and form reinforced concrete dowels. These dowels act as shear 
connectors to resist the separation between the slap and the beam. Dimensions of the 
perforations are proportional to the height of the encased portion, i.e. higher web encasement 
leads to larger perforations. 
Figure 3: The stresses blocks, PNA and the equivalent forces in the plastic 
design under (a) sagging moments (b) hogging moments 
  
3.1.3 Depth of the encased portion (connection height) 
Previous studies have investigated the effect of the connectors’ height on their resistance. 
According to Klaiber et al. (1997), shallow perforated rectangular plates (less than 60 mm) are 
relatively ineffective compared with the deeper connectors. Rodrigues & Laím (2014) 
indicated that increasing the connector’s height by 50% led to higher resistance, about 55% 
more. 
3.2 Aspects of investigations 
Base on the above considerations, this study has address the following points: 
▪ The effects of upper flange and the depth of its penetration on the overall moment capacity; 
▪ The relationship between the PNA position and the depth of upper flange penetration;  
▪ The effect of the moment type, i.e. sagging or hogging, on the flange re-design; 
▪ The possibility of fabricating the steel girders according to the bending moment diagram in 
composite continuous beams. 
3.3 Method of investigation  
To highlight the effect of the flange-web penetration into the slab on the moment resistance, 
various geometrical configurations are numerically analysed using the plastic analysis of 
composite beams. The geometry, the PNA and the composite beam moment capacity are 
identified initially for the traditional (I) shape of the composite beam. Then, several progressive 
steps of the top part of the steel beam penetration into the slab are numerically investigated. 
Each step of web penetration produces a different shape, i.e. a new geometry, of the composite 
beam (see Figures 5,7 and 8). The numerical analysis of the resulting cross section consists of: 
the web penetration magnitude; the new flanged width and its percentage of change; checking 
the PNA position; the resulting moment resistance and compare it to those of the traditional (I) 
composite beam before the penetration. The process is carried out for each design proposal, i.e. 
at every step of web penetration into the slab (see Tables 1, 2 and 3). An Excel spreadsheet was 
utilised to conduct the numerical analysis.  
3.4 Re-designed composite beams 
Two composite beams under sagging and hogging moments were investigated to find the 
ultimate moment capacity of the re-designed cross section. The investigated designs are taken 
from the work by Garcia & Daniels (1971) and Caprani (2008) and have been selected for 
different reasons. 
Figure 4: Cross sections of the composite beams from (a) Garcia & Daniels 
(1971) and (b) Caprani (2008) 
Firstly, Garcia & Daniels (1971) studied the composite beams under pure hogging moment 
while Caprani (2008) designed the beam under pure sagging moment. Secondly, the 
dimensions of steel beams and concrete slabs are different in the two beams; nevertheless, the 
moment capacity of the two beams is nearly the same (3% difference in total). This similarity 
in the moment capacity provided the opportunity for a clear comparison between the effects of 
web penetration on the sagging and hogging bending moments.  
 
4  ANALYTICAL INVESTIGATION  
4.1 Hogging moment capacity of the re-designed beam  
The beam shown in Figure 4(a), which was tested by Garcia & Daniels (1971), consists of a 
reinforced concrete slab 1,524 mm (60 inches) wide and 152.4 mm (6 inches) thick, connected 
to a W21X62 rolled steel beam through headed studs. The top reinforcement steel of the slab 
was 1,612 mm2 (2.5 in2) and the bottom reinforcement was 645 mm2 (1 in2). The ultimate 
moment resistance calculated by researchers was 776.544 kN m. To check the validity of the 
calculations, it was found that the proposed model is in excellent agreement with value of the 
plastic moment provided in reference paper, within a 0.05% difference. Figure 5(a) shows the 
original configuration of the composite beam. The calculated ultimate plastic moment is 
776.544 kN m and the neutral axis position is 281.2 mm from the top edge of the slab. In the 
intermediate configuration, Figure 5 Error! Reference source not found.(b), the moment 
capacity increases by 6.52% and the new flange width is 150.8 mm. With a web penetration of 
139.7 mm (see Figure 5(c)), the increase in the moment capacity and the new flange width are 
10.33% and 101.6 mm respectively.  
Table 1 lists the penetration depth, the changes in upper flange width, and the increase in the 
moment capacity of the beam. Figure 6 shows that the beam moment capacity increases 
gradually and steadily with the depth of penetration, from 776 kN m up to 861 kN m, 
corresponding to an additional 11%. The PNA location was fixed at 281.2 mm from the top 
edge of the slab so that the redistribution of the steel area from the top flange to the web 
maintains the equilibrium condition. The flange width at the maximum amount of penetration 
depth was about half the original one with no penetration. 
 
 
 
Figure 5: Web penetration into the concrete slab for a hogging moment 
  
 
4.2 Sagging moment capacity of the re-designed beam  
In a second stage, the change in the moment capacity under sagging moment was investigated. 
In this case, the PNA was located within the slab. In the design presented by Caprani (2008) 
(see Figure 4(b)), the moment capacity was 797.7 kN m, whereas it was found that the 
composite beam moment capacity is 789.5 kN m. This disagreement is due to the difference in 
computing the beam cross sectional area. Caprani (2008) computed an area of steel beam of 
6,650 mm2, while the area that has been calculated in the present work is 6,575 mm2. The PNA 
is located at 76.54 mm from the top edge of concrete slab. As a result, the steel beam fully 
subjected to tension stress. This configuration could be utilised by using the upper flange in 
two different cases, as better explained below, and thus two alternative design solutions were 
considered.  
 
 
Figure 6: The increase in strength of the composite beam 
Table 1: The increase in the moment capacity according to the flange-web penetration 
Web's 
penetration
 into the slab
PNA location
 New 
flangewidth
Reduction in 
flange width
Moment 
capacity
(mm)  (mm) (mm) (mm) (kN m)
Original beam 0 281.2       209.73           -   100.0% 776 0
Design 1 25.4 281.2       190.10       19.63 90.6% 795 2.46%
Design 2 50.8 281.2       170.47       39.25 81.3% 812 4.60%
Design 3 76.2 281.2       150.85       58.88 71.9% 827 6.52%
Design 4 101.6 281.2       131.22       78.51 62.6% 840 8.21%
Design 5 127 281.2       111.59       98.14 53.2% 851 9.68%
Design 6 152.4 281.2        91.97      117.76 43.8% 861 10.92%
% ( new 
flange/ old 
flange)
% of 
Increse in 
moment 
capacity
Design 
number
4.2.1 Web- flange penetration into the slab 
In this case (Figure 7), both the top flange and the web penetrate the slab (similar to section 
4.1.1). However, contrary to the design from hogging moment (Figure 5), the penetration of 
the flange-web causes actually a reduction in the sagging moment capacity as evident from 
Table 2. 
The relationship between the reduction in flange width and the decrease in moment capacity is 
significantly different with respect to the previous case (see Figure 6). For instance, decreasing 
by two third the flange width leads to a 6% reduction in the moment capacity, when PNA 
crosses the slab, while the moment capacity grows by about 11% when the flange reduces by 
60% and the neutral axis crosses the steel girder. The explanation for this difference is that the 
PNA location in the first example divides the steel girder into two parts (compression and 
tension), whereas in the second case the entire steel girder is subjected to tension. The 
penetration was stopped at depth of 178mm from the bottom edge of the slab to maintain the 
equilibrium state. The results show that the moment capacity of the re-designed composite 
section strongly depends on the PNA location  
 
4.2.2 Web-only penetration into the slab   
Since this research attempts to present a practical, highly competitive solution, the economy of 
the new design is of great importance. Thus, a new solution has been analysed for the upper 
flange. Because the web penetration is essential to achieve the bond, the redundant steel area 
from the top flange has been added to the bottom flange. This modification maintains both the 
total area of steel beam and the PNA location (see Figure 8). As a result, a considerable increase 
in the moment capacity has been observed. The first step of calculation was hypothetical; by 
assuming the web extending is zero. This was to illustrate the maximum realistic capacity that 
is virtually possible in the limiting case where the amount of penetration is zero, which resulted 
in an extra 26% of moment capacity. This obviously reduces with the penetration of the web 
into the slab. Table 3 shows the details of the penetration, the web length, the added width to 
the lower flange and the resulting moment capacity.  
Figure 7: web-flange penetration into the slab 
Table 2: The decrease in moment capacity according to the flange-web penetration 
Penetration Web length Flange width Moment capacity 
(mm) (mm) (mm) ( kN-m)
Basic design 0 428 152.4 804 0%
Design 1 50 478 117.54 783 -2.59%
Design 2 100 528 82.68 767 -4.53%
Design 3 150 578 47.81 757 -5.81%
Design 4 178 628 28.07 753 -6.25%
Design
 number
% of  decrease in 
moment capacity
  
It is important to find the minimum depth of the web penetration into the slab that is required to 
achieve the bond between the slab and the girder because further penetration leads to less increase 
in moment capacity, i.e. indirect proportion between the depth of the web penetration and the 
resulting sagging moment (see Figure 9). This is opposite to the hogging moment, the larger the 
web penetration into the slab, in which the larger the moment capacity, i.e. direct proportion 
between the web penetration and the resulting hogging moment (see Figure 6Error! Reference 
source not found.). 
 
Figure 9 shows a direct comparison between the two re-designed composite beams. Both have 
the same steel area, the same PNA position and the same resultant forces (Cc and Ts); 
nevertheless, there is a clear difference in moment capacity. The typical depth of rectangular 
perforated plates (perfobond), which have been used by the researchers in the past, is about 
100mm. This makes the moment capacity of an inverted T section higher by nearly 125 kN m 
with respect to the original I shape of the beam. In general, for the design under sagging 
moments and PNA crossing the concrete slab, the inverted T section is more efficient.  
Figure 9: Comparison between the two re-design solutions under the sagging moment 
Figure 8: web penetration into the slab and deploying the top flange 
Table 3: The increase in moment capacity according to the flange-web penetration 
Penetration 
Web
 length 
Added flange
 width 
Moment
 capacity 
(mm) (mm) (mm) ( kN-m)
Hypothetical design 0 428 152.4 1009 26
Design 1 50 478 117.54 959 19
Design 2 100 528 82.68 903 12
Design 3 150 578 47.81 843 5
Design 4 178 628 28.07 806 0
% of  increase in
 moment capacity
Design
 number
4.3 The implementation of the proposed method in continuous beam design 
The results of the analytical investigation presented in the previous sections can be used to 
suggest an innovative and highly efficient method for fabricating composite continuous beams. 
In this content, I steel girders are traditionally one of the most widely used forms in bridge 
constructions. The intermediate supports slab (subjected to hogging moment) are generally 
more critical than the mid-span regions (subjected to sagging moment) (Vasdravellis et al., 
2012). One of the solutions is to encase the beam at the internal support within concrete (see 
Figure 10). However, this structural form might be associated with increase in cost and time.  
In the proposed methods (see Figure 11 ), the beam could be fabricated according to the 
moment distribution and magnitude of the bending moment diagram. Since the PNA position 
in the hogging region is typically within the web, two options were considered to fabricate 
composite beams based on the PNA position in the sagging regions. If the latter crosses the 
slab, then the fabrication could be done according Figure 11 (a). In this case, the web depth 
extends along the slab in hogging regions only while in the sagging regions the perforated web 
is simply needed to achieve the connection between the steel and concrete. In the second case, 
when PNA crosses the web in sagging regions, the web extends along the slab along the whole 
beam Figure 11 (b).  
Figure 10: I-girders strengthened by reinforced concrete at the intermediate supports(a) 
Nakamura, et al.(2002), (b) Lachal, et al., 2011 and (c) Somja, et al.(2012) 
Figure 11: The proposed steel girders layout according to the bending diagram 
  
These proposed solutions have another advantage, as continuous composite beams could be 
fabricated as precast segments (sagging and hogging segments), with the length of the segments   
determined by the distance between points of counteraflexure (inflection points), where the 
bending moment diagram is zero. These segments could then be assembled together on site, 
potentially reducing the overall construction time and cost. 
5 CALCULATIONS AND RECOMMENDATION FOR FUTURE WORK 
The aim of this paper was to present an initial study on the potential for efficiently re-design 
of continuous concrete-steel composite beams. This efficiency might be regarded throughout 
several economic and structural advantages, such as eliminating welded shear connectors, 
increasing the moment capacity of the composite beams and the possibility of fabricating 
precast continuous beams. Analytical investigations were conducted to quantify the effects of 
flange-web penetration into the slab on the moment capacity of the beam. This investigation 
highlighted the relationship between the web-flange penetration and the change in moment 
capacity. The results show that for the same area of steel, the moment capacity for inverted (T) 
section is higher than the traditional (I) section, even though a portion of the web is encased in 
the slab to achieve the bond. The increase in moment capacity depends on the depth of the web 
penetration into the slab. Depending on the PNA position, two solutions were suggested to 
fabricate precast composite beams based on the bending moment diagram along the continuous 
beam.    
The concrete slab usually has two layers of steel reinforcement to resist bending, shrinkage and 
temperature and other structural requirements. In the plastic analysis of hogging moment, the 
quantity and position of slab reinforcement impact the moment magnitude, and this effect 
should be investigated further to increase the moment capacity along with the efficiency of the 
resulting composite beam.  
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APPENDIX A 
SAGGING MOMENT RESISTANCE 
The sagging moment resistance (𝑀𝑢𝑠) can be calculated as:   
𝑀𝑢𝑠   =  𝐶𝑐  𝐿 =  𝑇𝑠 𝐿  
Where;  
𝐶𝑐  = 0.85 𝑓𝑐𝑘 ℎ𝑐  𝑏𝑓 ; 𝑇𝑠 = 0.95 𝑓𝑦 𝐴𝑠  
In which 𝑏𝑓   is the concrete flange width; ℎ𝑐  is the depth of the neutral axis; 𝑓𝑐𝑘  is the cylindrical compressive 
strength of concrete; 𝑓𝑦  𝑎𝑛𝑑 𝐴𝑠are the yield stress for the steel beam and its area of cross section respectively (see 
Figure 3(a)). 
HOGGING MOMENT RESISTANCE 
The hogging moment resistance (𝑀𝑢ℎ) is given by:   
𝑀𝑢ℎ  =  𝑇𝑡𝑠 + 𝑇𝑏𝑠 + 𝑇𝑡𝑓 + 𝑇𝑤𝑡 
Where; 
𝑇𝑡𝑠 = 𝐴𝑠𝑡  𝑓𝑦𝑟  𝐿𝑠𝑡  ; 
𝑇𝑏𝑠 = 𝐴𝑠𝑏 𝑓𝑦𝑟  𝐿𝑠𝑏 ; 
 𝑇𝑡𝑓 = 𝐴𝑡𝑓 𝑓𝑦  𝐿𝑡𝑓  ; 
𝑇𝑤𝑡 = 𝐴𝑡𝑤 𝑓𝑦  𝐿𝑡𝑤  
in which 𝑀𝑢ℎ is the hogging moment resistance; 𝑓𝑦𝑟 is the yield stress of steel reinforcement; 𝐴𝑠𝑡 is the area of 
top steel reinforcement;  𝐿𝑠𝑡 is the lever arm for it; 𝐴𝑠𝑏 is the area of lower layer of steel and 𝐿𝑠𝑏 its lever arm; 𝑇𝑠  
and 𝐿𝑠 force of steel beam subjected to tension and lever arm respectively. CAS is the equivalent force of steel 
beam under compression. 𝑇𝑡𝑓 and 𝑇𝑤𝑡  are the components of the upper part of the steel beam (under tension 
stress) moment resistance; 𝐴𝑡𝑓  and 𝐴𝑡𝑤 are the area of the upper part of the steel beam; 𝐿𝑡𝑓and 𝐿𝑡𝑤 are the lever 
arms for the upper part of the steel beam (see Figure 3(b)). 
